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(54) OPTICAL AMPLIFIER AND TRANSMISSION SYSTEM USING THE SAME 



(57) An optical amplifier having a two-stage con- 
struction using an erbium doped fiber (EDF) as a gain 
medium. The erbium dopant concentration is 1 000 ppm, 
and the unsaturated absorption coefficient of the signal 
beam at 1 550 nm is 1 dB / m. The length of the EDF 1 4- 
8 is 10 m, and the length of the EDF 14 - 12 is 70 m. The 
excitation light sources 14-6 and 14 - 10 are semicon- 
ductor lasers of 1.53 ^m, and the excitation light power 



is 100 mW. Multiplexers 14-7 and 14 - 1 1 are inductive 
multilayer film filters, and the gain equalizer 14 - 4 is a 
Fourier filter. The peak loss of the Fourier filter is 17 dB. 
The gain of the EDF 14-8 is 25 dB, and the gain of the 
EDF 14-12 is 15 dB. Two optical isolators are installed 
on a pre-stage amplifier, and one on a post-stage ampli- 
fier in order to prevent laser oscillation. 



FIG. 14 



OPTICAL AMPLIFIER 



14-1 



SIGNAL 



1.54-1. 61 Jim 



AMPLIFIER 



14-5 



OPTICAL X 
ISOLATOR J 

14-7 



ERBIUM 
DOPED H 
FIBER 



14-8 14-9 



LENGTH 
=l00m 



OPTICAL 
ISOLATOR 



f EXCIT* 

! Lie 




TAT l ON 
LIGHT 



1.53jinU> 
100n* 



14-4 



AMPLIFIER 



FOURIER 
FILTER 



GAIN 
EQUALIZER 




PEAK GAIN 
=17dB 



14-3 



s 



x. 



14-2 



J 

14-11 



LENGTH: 

70m 



OPTICAL 
ISOLATOR 





4-10 



1.53ji nil) 
100ml! 



J 



0911926A1 l_> 



Printed by Xerox (UK) Business Services 
2.16.7/3.6 



1 



EP0 911 926 A1 



2 



Description 

Field of the Invention 

[0001] The present invention relates to an optical 
amplifier and a transmission system which uses it, 
which are necessary in an optical fiber transmission 
system and optical signal processing system. 

Description of Related Art 

[0002] The structure of an optical amplifier of the 
related technology used in an optical fiber transmission 
system is shown in Figs. 23 ~ 25. Figs. 23, 24, and 25 
show respectively the first, second, and third structures 
of the optical amplifiers of the related technology. 
[0003] In Fig. 23, the optical amplifier 23 - 1 comprises 
an amplifier 23 - 2 and a gain equalizer 23-3. This opti- 
cal amplifier 23 - 1 is connected to transmission fibers 
23 - 4 and 23 - 5. Signal beams with a plurality of wave- 
lengths are incident on this optical amplifier 23-1 , and 
amplified. This amplifier 23 - 2 comprises a gain 
medium 23 - 6 (a rare-earth element doped fiber or 
waveguide), an excitation light source 23-7, and an opti- 
cal part 23 - 8 (multiplexer for excitation light and signal 
beam, a light isolator, etc.) disposed on the pre-stage of 
a gain medium 23 - 6, and an optical part 23 - 9 (optical 
isolator, etc.) disposed on the post-stage of the gain 
medium 23 - 6 (see Citation Massicott et al., Electron. 
Lett., vol. 26, No. 20, pp. 1645 - 1646, 1990). 
[0004] The gain characteristics of the optical amplifier 
23-1 whose structure is shown in Fig. 23 are shown in 
Figs. 26A ~ 26C. Fig. 26A shows the wavelength 
dependency of the gain of the gain medium 23 - 6. In 
Fig. 26A, the peak value of the gain is 30 dB, the gain- 
flattened bandwidth (for example, the 3 dB gain-reduc- 
tion bandwidth) is 10 nm. The loss of the gain equalizer 
23 - 3 is shown in Fig. 26B. The peak value of this loss 
is about 10 dB. The value obtained by subtracting the 
loss of Fig. 26B from the gain of Fig. 26A is the gain of 
the optical amplifier 23 - 1 , and this is shown in Fig. 26C. 
For simplification, the loss of the optical part 23 - 8 and 
the optical part 23 - 9 are ignored. By using the gain 
equalizer 23 - 3, the gain-flattened bandwidth is 
increased by about 30 nm. In this manner, as long as 
the signal beam wavelength intervals are equal, if the 
gain-flattened bandwidth is widened, it is an advantage 
that signal beams of more wavelengths (and therefore 
more channels) can be amplified with an identical gain. 
[0005] Fig. 24 has the same gain characteristics as 
Fig. 23, but compared to Fig. 23, this structure of an 
optical amplifier has lower noise. The difference 
between this figure and Fig. 23 is that in this figure two 
excitation light sources 23 - 7 and 24 - 3 with different 
excitation light wavelengths are used. The wavelength 
of the excitation light which is output by excitation light 
source 24 - 3 is shorter than the wavelength of the exci- 
tation light output by excitation light source 23 - 7, and 



the upper part of the gain medium 23 - 6 (with respect to 
the input direction of the signal beam) is excited to a 
higher population inversion state in comparison to Fig. 
23 (see Citation Massicott et al., Electron. Lett., vol. 28, 
5 No. 20, pp. 1 924 - 1 925, 1 992). 

[0006] Fig. 25 is an optical amplifier with a structure 
analogous to the structure of the present invention, 
although the widening of the bandwidth of the gain was 
not planned. The amplifier is divided into a pre-stage 

10 (amplifier 25 - 2) and a post-stage (amplifier 25 - 3), and 
a band restricting optical filter or a dispersion compen- 
sator is disposed therebetween. The signal beam is 
generally a single wavelength. When a band limiting 
optical filter is used, because the gain medium is 

is divided into two stages, degradation of the amplification 
characteristics due to laser oscillation or amplified spon- 
taneous emission light is not incurred, and a high gain is 
possible. When using a dispersion compensator, it is 
possible to eliminate degradation of the signal to noise 

20 ratio due to loss in the dispersion compensator (see 
Citation Masuda et al., Electron. Lett., vol. 26, No. 10, 
pp. 661 - 662, 1 990). 

[0007] In the structures shown in Fig. 23 and Fig. 24, 
flattened-gain dependence of the flat-gain bandwidth 

25 and equalizer loss dependency of the optical amplifier 
saturation power are shown respectively in Fig. 9A and 
Fig. 9B. In Fig. 9A, the flattened-gain bandwidth 
decreases along with the increase in the flattened-gain, 
and the flattened-gain is limited to 30 dB because of 

30 amplification characteristics degradation due to laser 
oscillation and amplified spontaneous emission light. In 
contrast, in Fig. 9B, the optical amplifier saturation out- 
put power remarkably decreases along with the 
increase in the equalizer loss. However, the drawback 

35 occurs that in obtaining a wide flattened-gain band- 
width, it is difficult to obtain a wide flattened-gain band- 
width while maintaining a large optical amplifier 
saturation output power because of a necessarily large 
equalizer loss. 

40 [0008] The object of the present invention is to resolve 
these problems, and provide a wide bandwidth optical 
amplifier. 

Summary of the Invention 

45 

[0009] In order to obtain the above-described object, 
the present invention provides an optical amplifier pro- 
vided with a split gain medium wherein a long gain 
medium using a rare-earth doped fiber as the gain 

so medium is partitioned into two or more stages, two or 
more amplifiers which include excitation light sources 
which output excitation light such that the effective exci- 
tation wavelength of this gain medium is 1 .53 pm, and a 
gain equalizer which is effective for a wide wavelength 

55 band of a gain medium disposed between each ampli- 
fier. In this manner, compared to the related technolo- 
gies, the effect is obtained that the gain-flattened band 
is wide, and it is possible to realize a high saturation out- 
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put, low noise optica) amplifier. 
[0010] In addition, the present invention provides a 
Raman amplifier provided with a high nonlinear fiber or 
a dispersion compensation fiber as a Raman amplifier 
medium, and carries out Raman amplification by this s 
Raman amplifier medium, and a rare-earth element 
doped fiber amplifier which makes a rare-earth doped 
fiber the amplification medium. In this manner, the gain 
bandwidth is flattened and it is possible to structure a 
broadband lumped constant optical amplifier. 10 
[0011] tn addition, the present invention provides an 
optical transmission system with an optical amplifier as 
a structural component provided with a Raman amplifier 
which carries out Raman amplification by a dispersion : 
compensation fiber wherein a parameter which com- 15 
pensates the dispersion of the transmission path is set, 
and a rare-earth doped fiber amplifier which uses a 
rare-earth fiber as an amplifier medium. In this manner, 
when using a dispersion-compensation f toer as Raman 
amplifier medium, it is possible to realize large capacity so 
wavelength division multiplex optical transmission 
because it is possible to compensate the dispersion of 
the transmission path. 

Brief Description of the Drawings 25 
[0012] 

Fig. 1 is a block diagram showing a first structure of 
this invention (in the case of a two-stage gain 30 
medium). 

Fig. 2 is a block diagram of a second structure of 
this invention. 

Fig. 3 is a block diagram of a third structure of this 
invention. 35 
Fig. 4 is a block diagram of a fourth structure of this 
invention. 

Fig. 5 is a block diagram of a fifth structure of this 
invention. 

Fig. 6 is a block diagram of a sixth structure of this 40 
invention. 

Figs. 7A and 7B are graphs showing the character- 
istics of the first structure of this invention. 
Fig. 8 is a graph showing characteristics of the first 
structure of this invention. 45 
Figs. 9A and 9B are graphs showing the character- 
istics of the first structure of this invention and the 
related technology. 

Fig. 10 is a graph of the characteristics of the third 
structure of this invention. so 
Figs. 1 1 A and 1 1 B show graphs of the structure of 
a typical example of the related technology. 
Figs. 12A and 12B are graphs showing the charac- 
teristics of the present invention and the typical 
example of the related technology. ss 
Fig. 13 is a block diagram showing the structure of 
a typical example of the present invention. 
Fig. 14 is a block diagram showing an example of 



the structure of a wide bandwidth optical amplifier 
according to the first embodiment of the present 
invention. 

Fig. 15 is a graph showing the gain spectrum of the 
first embodiment. 

Fig. 16 is a block diagram showing an example of 
the structure of a wide bandwidth optical amplifier 
according to the second embodiment. 
Fig. 1 7 is a graph showing the noise index spectrum 
of the first embodiment and the second embodi- 
ment. 

Fig. 18 is a block diagram showing an example of 
the structure of a wide bandwidth optica! amplifier 
according to the third embodiment of this invention. 
Fig. 19 is a graph showing the gain spectrum of the 
third embodiment. 

Fig. 20 is a block diagram showing an example of 
the structure of a wide bandwidth optical amplifier 
according to the fourth embodiment of this inven- 
tion. 

Fig. 21 is a block diagram showing an example of 
the structure of a wide bandwidth optical amplifier 
according to the fifth embodiment of this invention. 
Fig. 22 is a block diagram showing an example of 
the structure of a wide bandwidth optical amplifier 
according to the sixth embodiment of this invention. 
Fig. 23 is a block diagram showing an example of 
the first structure of the optical amplifier of the 
related technology. 

Fig. 24 is a block diagram showing an example of 
the second structure of the optical amplifier of the 
related technology. 

Fig. 25 is a block diagram showing an example of 
the third structure of the optical amplifier of the 
related technology. 

Figs. 26 A - C are graphs showing the characteris- 
tics of the optical amplifier having the structure in 
Hg. 23. 

Fig. 27 is a block diagram showing a first structure 
of this invention (a three stage gain medium). 
Fig. 28 is a graph showing the characteristics of the 
gain spectrum of the optical amplifier using Raman 
amplification. 

Fig. 29 is a block diagram of a structure of a sev- 
enth embodiment of the optical amplifier in the opti- 
cal amplifier or an optical transmission system 
using it according to this invention. 
Fig. 30 is a block diagram of a structure of a eighth 
embodiment of the optical amplifier in the optical 
amplifier or an optical transmission system using it 
according to this invention. 
Fig. 31 is a block diagram of a structure of a ninth 
embodiment of the optical amplifier in the optical 
amplifier or an optical transmission system using it 
according to this invention. 
Fig. 32 is a block diagram of a structure of a tenth 
embodiment of the optical amplifier in the optical 
amplifier or an optical transmission system using it 
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according to this invention. 

Fig. 33 is a block diagram of a structure of a elev- 
enth embodiment of the optical amplifier in the opti- 
cal amplifier or an optical transmission system 
using it according to this invention. s 
Fig. 34 is a block diagram of a structure of a twelfth 
embodiment of the optical amplifier in the optical 
amplifier or an optical transmission system using it 
according to this invention. 

Fig. 35 is a block diagram of a structure of a thir- 10 
teenth embodiment of the optical amplifier in the 
optical amplifier or an optical transmission system 
using it according to this invention. 
Figs. 36A and 36B are block diagrams showing the 
first embodiment of an optical transmission system is 
in the optical amplifier and an optical transmission 
system using it according to the present invention. 
Figs. 37A and 37B are block diagrams showing the 
second embodiment of an optical transmission sys- 
tem in the optical amplifier and an optical transmis- 20 
sion system using it according to the present 
invention. 

Preferred Embodiments of the Present Invention 

25 

[0013] First, we will explain the summary of the first 
through sixth structures of the optical amplifier wherein 
a long length gain medium is partitioned into several 
stages, and a gain equalizer connects each partitioned 
gain medium, then we will explain the first through 30 
sixths embodiments. 

[0014] Next, we will explain the seventh through thir- 
teenth embodiments of an optical amplifier provided 
with a Raman amplifier wherein a high nonlinear fiber or 
a dispersion-compensation fiber is used as a Raman 35 
amplification medium. 

[0015] Finally we will show two embodiments of an 
optical transmission system wherein an optical ampli- 
fier, which Raman amplifies by a dispersion-compensa- 
tion fiber, is used as a component element. 40 

Summary 

[0016] The first through sixths structures of the 
present invention are shown in Figs. 1 to 6. 45 
[001 7] Fig. 1 , which is the first structure, differs mark- 
edly from Fig. 23 of the related technology in that the 
amplifier is divided into two stages: a pre-stage (ampli- 
fier 1 - 2) and a post-stage (amplifier 1 - 3). In addition, 
Fig. 1 differs markedly from Fig. 25 of the related tech- so 
nology in that the optical part disposed between the pre- 
stage of the amplifier 1 - 2 and the post-stage of the 
amplifier 1 - 3 is a gain equalizer 1 - 4, and that the input 
signal beam is a wide band multiple wavelength beam. 
[0018] The gain characteristics of this first structure ss 
are shown in Figs. 7A 7B, and 10. Fig. 7A shows the 
wavelength dependency of the gain of the gain medium. 
In Fig. 7A, the peak value of the gain is about 40 dB, 



and in comparison to the related technology, because 
there is no degradation of the amplifier characteristics 
due to laser oscillation and amplified spontaneous light 
emission, a high value can be obtained. The typical 
value of the gain of the pre-stage amplifier 1 - 2 is 25 dB, 
and the typical value of the gain of the post-stage ampli- 
fier 1 - 3 is 15 dB. In addition, the gain increases at or 
above a constant value (for example, 10 dB or 20 dB). 
Fig. 7B shows the loss of the equalizer 1 - 4. The peak 
value of this loss is about 10 dB and 20 dB. 

[0019] The value derived by subtracting the loss in 
Fig. 7B from the gain in Fig. 7A is the gain of optical 
amplifier 1 - 1 , and this is shown in Fig. 8. For the sake 
of simplif ication, the loss of optical parts 1 - 8 and 1-10, 
and optical parts 1-12 and 1-14 has been ignored. 
The gain-flattened bandwidth with the 10 dB loss peak 
value is 30 nm, and the gain-flattened bandwidth with 
the 20 dB loss peak value is 50 nm. The gain-flattened 
bandwidth with a 20 dB flattened-gain value in the 
related technology is 30 nm as shown in Fig.26C, and 
the gain-flattened bandwidth with a 20 dB flattened-gain 
value in the present invention is 50 nm as shown in 
Fig.8. Due to the structure of the present invention, we 
can understand that the gain-flattened bandwidth has 
been remarkably widened 

[0020] The dependency of the flattened-gain band- 
width upon the flattened-gain in the present invention is 
shown in Fig. 9A. In comparison to the related technol- 
ogy, we understand that the gain-flattened bandwidth 
has been remarkably increased. Fig. 9B shows the 
dependency of the optical amplifier saturation output 
upon the equalizer loss in the present invention. In the 
present invention, because there is an optical amplifier 
(amplifier 1 - 3) following the gain equalizer 1 - 4, we 
understand that the saturated output of the optical 
amplifier does not depend very much on the equalizer 
loss. In comparison with the related technology, we 
understand that the saturated output of the optical 
amplifier has remarkably increased. As shown above, in 
the first structure of the present invention, it is possible 
to guarantee a wide gain-flattened bandwidth while 
maintaining the high optical amplifier saturation output 
as-is. 

[0021] In addition, the structure of the case wherein 
the gain medium has been partitioned into three stages 
is shown in Fig. 27. The gain equalizers 1-4 and 1 - 4' 
have been disposed between the three-stage gain 
medium. Because two gain equalizers 1 - 4 and, 1 - 4* 
are being used, the total peak value of the loss of the 
gain equalizer can be set at about 30 dB. The gain-flat- 
tened bandwidth at this time is 60 nm. Because the 
gain-flattened bandwidth is 50 nm when the gain 
medium is divided into two stages, it is possible to 
enlarge the gain-flattened bandwidth about 10 nm by 
partitioning into three stages. Moreover, in the figure, an 
example of a gain medium partitioned into three stages 
is shown, but it is possible to compose the optical ampli- 
fier in which the number of partitions is N (N is an inte- 
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ger equal to or greater than 2), and an N stage amplifier 
wherein a partitioned gain-medium is used as a struc- 
tural component, and N - 1 stage gain equalizer is dis- 
posed between these amplifiers. Moreover, by 
increasing the number of partitions N, it is possible to 5 
gradually increase the gain-flattened bandwidth of the 
optical amplifier within the bandwidth range of the gain 
medium. 

[0022] Fig. 2 shows the second structure of the 
present invention. In the second structure of the present 10 
invention, the amplifiers 1 - 2 and 1 - 3 having the struc- 
ture (first structure) shown in Fig. 1 are respectively 
replaced with amplifiers having the structure shown in 
Fig. 2. Compared to Fig. 1, the amplifier further com- 
prises one more excitation light source. In Fig. 2, for the is 
sake of simplifying the figure, only the points of differ- 
ence with Fig. 1 are shown for the amplifier 2-1 which 
corresponds to the amplifier 1 - 2 in Fig. 1 . This point of 
difference is similar for the amplifier (not shown) corre- 
sponding to the amplifier 1 - 3 in Fig. 1. In comparison 20 
with Fig. 1 , the present construction is a structure of a 
lower noise optical amplifier. The difference between 
Fig. 2 and Fig. 1 is that two excitation source lights 1 - 7 
and 2 - 2 with different optical excitation wavelengths 
are used. The wavelength of the excitation light emitted 25 
from excitation light source 2 - 2 is shorter than the 
wavelength of the excitation light emitted from excitation 
light source 1 - 7, and in comparison with Fig. 1 , the 
upper part of the gain medium 1-9 (with respect to the 
direction of input of the signal beam) is excited to a 30 
higher population inversion state. 
[0023] Fig. 3 shows the third structure of the present 
invention. The difference between this figure and Fig. 23 
(related technology) is that a transmission fiber 23 - 4 is 
used as an amplifier medium, and its excitation light 35 
source 3 - 3 is newly installed. The transmission fiber 23 
- 4 carries out Raman amplification, and its gain has the 
characteristic of flattening the wavelength dependency 
of the gain medium such as a rare-earth doped fiber, 
etc., that is, equalizing the gain depending on wave- 40 
length. That is, the wavelength of the excitation light is 
set in the short-wave part only of the Raman shift 
amount (about 110 nm for silica fbers) of the wave- 
length which produces gain equalization. The gain char- 
acteristics of this third structure are shown in Fig. 10. 45 
The gain-flattened bandwidth of the total gain (gain 
medium gain - equalizer loss + Raman gain) is wider 
than the gain-flattened bandwidth of the gain (gain 
medium gain - equalizer loss) when Raman amplifica- 
tion is carried out. so 
[0024] Fig. 4 shows the fourth structure of the present 
invention. The gain and noise characteristics are similar 
to those of Fig. 2 (the second structure of the present 
invention), but the component parts are simpler, 
cheaper, and the construction becomes more stable. In ss 
order to guarantee low noise characteristics, a excita- 
tion light source 2 - 2 with a short excitation wavelength 
is used. Using optical part 4 - 2, a laser ring (optical part 



1 - 8 ~ gain medium 1 - 9 - optical part 1 - 10 - optical 
part 4 - 2 ~ optical part 1 - 8) using gain medium 1 - 9 
as a laser oscillation medium is formed. At this time, the 
optical part 1 - 8 and the optical part 1-10 have a mul- 
tiplexer and demultiplexer respectively for laser oscilla- 
tion. This laser oscillation light has an operation similar 
to the excitation light which the excitation light source 1 
- 7 outputs in Fig. 2 (the second structure of the present 
invention), that is, an operation wherein the gain 
medium is excited to the desired population inversion 
state. 

[0025] Fig. 5 shows the fifth structure of the present 
invention. The structure is analogous to that of Fig. 4 
(the fourth structure of the present invention), but the 
propagation direction of the laser oscillation beam is 
reversed. At this time, the optical part 1 - 8 and optical 
part 1-10 have a multiplexer and demultiplexer respec- 
tively for the laser oscillation beam, but there is the new 
possibility that these are optical circulators, etc., which 
is a directional multiplexer-demultiplexer, and the effi- 
ciency is good. Because the laser oscillation beam is 
propagated in a direction reverse to that of the signal 
beam, is it possible to set the wavelength of the laser 
oscillation light irrespective of the wavelength of the sig- 
nal beam, and degree of optionalrty of the components 
is increased, which is advantageous. 
[0026] Fig. 6 shows the sixth structure of the present 
invention. The structure is analogous to that of Fig. 5 
(the fifth structure of the present invention), but a excita- 
tion light source is newly installed, and the excitation 
light is supplemented by using the path of a laser ring. 
Therefore, it is possible to increase the total excitation 
light strength, and increase the saturation output of the 
optical amplifier. 

[0027] Above, the first through sixth structures of the 
present invention have been shown, but below, in order 
to clarify the differences with the related technology, the 
structure of a typical example of the related technology 
and the present invention and the gain characteristics 
when using these structures are explained referring to 
the figures. The gain medium is an erbium-doped fiber 
(Er 3 * doped fiber: EDF). The erbium doping concentra- 
tion is 1000 ppm, and the unsaturated absorption coef- 
ficient of the signal beam at 1550 nm is 1 dB / m. 
[0028] Fig. 1 1 A and Fig. 1 1 B show a first and second 
structure of a typical example of the related technology. 
Fig. 1 1 A is a first typical example of the related technol- 
ogy wherein the excitation wavelength is 1.48 *im. The 
length of the EDF 11 - 6 is 50 m, the excitation light 
power is 100 mW, and the peak loss of the gain equal- 
izer 1 1 - 3 is 10 dB or less. The wavelength dependency 
of the gain under these conditions is shown in Fig. 12A. 
The flattened-gain is 20 dB, and the flattened bandwidth 
is 30 nm (1 535 ~ 1565 nm). 

[0029] Fig. 1 1 B is a second typical example of the 
related technology whose excitation wavelength is 1 .55 
jim. The length of the EDF 1 2 - 4 is 1 50 m, the excitation 
light power is 200 mW, and the peak loss of the gain 
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equalizer 11 - 3 is 10 dB or less. The wavelength 
dependency of the gain (the gain spectrum) under 
these conditions is shown in Fig. 12A. The flattened 
gain is 20 dB and the flattened, bandwidth is 40 nm 
(1570~1610nm). 5 

[0030] Fig. 13 shows the structure of a typical exam- 
ple of the present invention, it is a two-stage amplifier 
structure, wherein the length of the pre-stage EDF 1 3 - 
7 is 100 m, and the length of the post-stage EDF 13-11 
is 70 m. In addition, the gain of the pre-stage EDF 13 - 10 
7 is 25 dB, and the gain of the post-stage EDF 1 3 - 11 is 
15 dB. The peak loss of the gain equalizer 13-4 dis- 
posed therebetween is 20 dB. The total gain spectrum 
is shown in Fig. 12B. The flattened -gain is 20 dB, and 
the flattened-bandwidth is 50 nm (1550 - 1600 nm). is 
[0031] As is clear by comparing the gain spectrum of 
the typical examples of the related technology and the 
present invention described above, by using the struc- 
ture of the present invention, the flattened bandwidth is 
remarkably widened. 20 
[0032] As described above, in the present invention 
the total gain is expanded without the influence of gain 
degradation due to laser oscillation and amplified spon- 
taneous light emission by dividing the gain medium in 
two or three or more places and installing it, and at the 25 
same time, a bandwidth having a gain of a certain con- 
stant or greater has been increased in comparison with 
the related technology. In addition, by making the loss 
value of the gain equalizer large, it is possible to 
broaden the gain-flattened bandwidth in comparison to 30 
the related technology. Furthermore, because the struc- 
ture installs the gain medium on post-stage of the gain 
equalizer, even if the loss value of the gain equalizer 
becomes large, it is possible to maintain the large satu- 
ration output of the optical amplifier, and it overcomes 35 
the drawback of the related technology that the satura- 
tion output of the optical amplifier is remarkably lowered 
when the loss value of the gain equalizer becomes 
large. 

40 

[First Embodiment] 

[0033] Below, the first embodiment of the present 
invention is explained referring to the figures. 
[0034] Fig. 1 4 is a block diagram showing an example 45 
of a structure of a wide bandwidth optical amplifier 
according to the first embodiment of the present inven- 
tion. 

[0035] In this embodiment, an erbium doped ftoer 
(Er 3 * doped fiber: EDF) is used as a gain medium, and so 
has the structure of a two-stage amplifier. The concen- 
tration of the erbium dopant is 1000 ppm, and the 
unsaturated absorption coefficient of the signal beam at 
1550 nmisl dB/m. The length of the pre-stage EDF 14 
- 8 is 100m, and the length of the post-stage EDF 14 - 55 
12 is 70 m. The excitation light sources 14-6 and 14 - 
10 is a 1 .53 nm semiconductor laser (LD), and the exci- 
tation light power is 100 mW. The excitation light and 



multiplexers 14 - 7 and 14 - 11 are an induction multi- 
layer film filter, and the gain equalizer 14 - 4 is a split 
beam Fourier filter (Fourier filter). The peak loss of the 
gain equalizer (Fourier filter) 14 - 4 is 1 7 dB. The gain of 
the pre-stage EDF 14-8 is 25 dB, and the gain of the 
post-stage EDF 14-12 is 15 dB. Two optical isolator are 
installed in the pre-stage amplifiers and one optical iso- 
lator is installed in post-stage amplifier lor preventing 
laser oscillation. Moreover, parameters, which makes 
flattened-gain bandwidth wide and is effective at the 
wide wavelength band of the gain medium, is set at the 
gain equalizer 14-4. 

[0036] The gain spectrum of the first embodiment of 
the present invention is shown in Fig. 15. A flattened 
gain of 17 dB and a gain-flattened bandwidth of 50 nm 
are obtained. In addition, the saturation output with a 
multiple wavelength signal output (for example, 20 
channels, or 100 channels) at 1.54 ~ 1.61 nm is 15 
dBm, which is sufficiently high. However, the insertion 
loss of the multiplexers 14-7 and 14-11, optical isola- 
tors 14-9 and 14-13, and the gain equalizer (Fourier 
filter) 14-4 are each 1 dB. 

[Second embodiment] 

[0037] Next, the second embodiment of the present 
invention will be explained. 

[0038] Fig. 1 6 is a block diagram showing an example 
of a structure of a wide bandwidth optical amplifier 
according to the second embodiment of the present 
invention. 

[0039] The excitation light sources are different from 
those in Fig. 14 (the first embodiment). The excitation 
light sources 16-4 and 16 - 8 are LDs having a wave- 
length of 1.48 urn and an output power of 100 mW and 
the excitation light sources 16-6 and 16 - 10 are LDs 
having a wavelength of 1 .55 nm, and an output optical 
power of 1 mW. The excitation light of 1 .48 nm input into 
the EDFs 14 - 8 and 14 - 12 is absorbed by each EDF 
14 - 8 and 14 - 12, and the 1.55 nm excitation light is 
amplified by each EDF 14-8 and 14-12. As a result, in 
the upper part of each EDF 14-8 and 14 - 12, a 1.48 nm 
excitation light power is dominant, while in the lower 
part, a 1.55 nm excitation light power is dominant. In 
total, it is possible to obtain the same gain as the first 
embodiment with the excitation light having 1.53 nm 
wavelength. 

[0040] Furthermore, because the population inversion 
at the upper part was raised by the excitation light hav- 
ing 1.48 n m wavelength, the noise characteristics 
increased. Specifically, the noise index lowered. Fig. 17 
shows the dependency of the noise index upon the sig- 
nal beam wavelength in the second and first embodi- 
ments. It is clear that the noise index of the second 
embodiment has become lower. 
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[Third embodiment] 

[0041] Next, the third embodiment of the present 
invention is explained. 

[0042] Fig. 18 shows a block diagram of an example 
of the structure of a wide band optical amplifier accord- 
ing to the third embodiment of the present invention. 
[0043] Compared to Fig. 14 (the first embodiment), 
the present embodiment further comprises a Raman 
amplifier. The transmission fiber (silica fiber) 18 - 4 is 
excited by an excitation light source (LD) with a wave- 
length of 1.51 iim and an output optical power of 200 
mW. The transmission fiber 1 8 - 4 is a 60 km dispersion- 
shifted fiber. The Raman gain at 1.61 \im is 10 dB. Fig. 

19 shows the gain spectrum according to the present 
embodiment. Compared to the first embodiment, the 
flattened gain is raised 5 dB and the gain bandwidth is 
raised 25 nm. 

[0044] Moreover, an optical circulator, which is a direc- 
tional coupler, can be used as a multiplexer 18-5. The 
reason is that because the directions of the excitation 
wavelength (1 .51 jam) and the signal beam are different 
with respect to the transmission fiber, the multiplexing of 
light by an optical circulator can be easily carried out. In 
addition, compared to using a wavelength division mul- 
tiplexing coupler as a multiplexer 18 - 5, by using an 
optical circulator, it is possible to amplify a signal beam 
near the excitation wavelength, and it is also possible to 
broaden the bandwidth which optically amplifies. 

[Fourth embodiment] 

[0045] Next the fourth embodiment of the present 
invention will be explained. 

[0046] Fig. 20 is a block diagram showing an example 
of a structure of a wide bandwidth optical amplifier 
according to the fourth embodiment of the present 
invention. 

[0047] Compared to Fig. 16 (the second embodi- 
ment), the present embodiment has the structure of the 
excitation unit of the EDF in the pre-stage and post- 
stage. Therefore, in Fig. 20, only the pre-stage amplifier 

20 - 1 is shown. The structure of the post-stage (not 
shown) is the same as the structure of the pre-stage 
amplifier 20-1. The excitation light source 16 - 4 is an 
LD with a wavelength of 1 .48 *im and an output light 
power 100 mW. Instead of using an LD with a wave- 
length of 1.55 nm, a high power laser oscillation beam 
with a wavelength of 1 .55 jim is oscillated in the ring 
laser. A ring laser comprises EDF 14-8, ring laser mul- 
tiplexer (multiplexers 20 - 2 and 20 - 3), a narrow band- 
width transmission optical filter 20 - 6, a tunable 
attenuator 20 - 5, and an optical isolator 20 - 4. The mul- 
tiplexers 20-2 and 20 - 3 can use wavelength division 
multiplex coupler which only multiplexes and demulti- 
plexes a laser oscillator optical wavelength in a narrow 
bandwidth. The obtained amplification characteristics 
are the same as those in the second embodiment. In the 



present structure, because there is only one excitation 
light source (LD), it has the advantages that the struc- 
ture is simple and stable. 

s [Fifth embodiment] 

[0048] Next, the fifth embodiment of the present inven- 
tion is explained. 

[0049] Fig. 21 is a block diagram showing an example 
w of a structure of a wide bandwidth optical amplifier 
according to the fifth embodiment of the present inven- 
tion. 

[0050] Compared to Fig. 20 (fourth embodiment), the 
present embodiment has optical circulators 21 - 2 and 
15 21 - 3 in the ring laser instead of an optical isolator 20 - 
4 and ring laser multiplexers (multiplexers 20 - 2 and 20 

- 3). It is advantageous to use the optical circulators 21 

- 2 and 21-3, because the number of optical parts is 
decreased and the structure is simplified. 

20 

[Sixth embodiment] 

[0051] Next, the sixth embodiment of the present 
invention is explained. 
25 [0052] Fig. 22 is a block diagram showing an example 
of a structure of a wide bandwidth optical amplifier 
according to the sixth embodiment of the present inven- 
tion. 

[0053] Compared to Fig. 21 (the filth embodiment), the 

30 present embodiment has one more excitation light 
source in the ring laser loop. In this manner, there is the 
advantage that the total excitation optical power is 
increased without degradation of the signal beam gain, 
and the signal beam saturation output can be 

35 increased. 

[0054] Moreover, in the above-described first through 
sixth embodiments, an example was explained wherein 
the amplifier has two stages, and a gain equalizer is dis- 
posed therebetween, but in the amplifiers explained in 

40 each embodiment, it is possible to provide N stages (N 
being an integer equal to or greater than 2), and provide 
a gain equalizer between each of the amplifiers. 
[0055] Above, the embodiments of the present inven- 
tion are explained in detail referring to the figures, but a 

45 concrete structure is not limited to these embodiments, 
and changes in design within the scope not departing 
from the spirit of the invention are included in this inven- 
tion. 

[0056] Above, according to the present invention, in 
so comparison with the related technology, there are the 
effects that the gain flattened bandwidth is wide, and it 
is possible to realize a high saturation output, low noise 
optical amplifier. 

[0057] Next, an optical amplifier provided with a 
55 Raman amplifier using a high nonlinear fiber or a disper- 
sion compensation fiber as a Raman amplifier medium 
will be explained in the seventh through thirteenth 
embodiments. 
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[Seventh embodiment] 

[0058] First, referring to Fig. 29, the seventh embodi- 
ment of the optical amplifier will be explained. Moreover, 
this seventh embodiment relates to a most basic struc- 
ture of an optical amplifier provided with a Raman 
amplifier using a high nonlinear fiber as a Raman ampli- 
fier medium. As shown in this figure, the optical ampli- 
fier A of the present embodiment comprises a Raman 
amplifier A1 and a rare-earth doped fiber amplifier A2. 
In the optical amplifier A structured in this manner, a 
transmission fiber B1 (transmission path) for inputting 
an optical signal and a transmission fiber B2 (transmis- 
sion path) for outputting an amplified optical signal are 
connected together. 

[0059] In addition, the above-described Raman ampli- 
fier A1 comprises a nonlinear fiber a1 which is the 
Raman amplifying medium, an excitation light source 2a 
which generates an excitation light for exciting the high 
nonlinear fiber al, and a multiplexer a3. To one end of 
the high nonlinear fiber al, the above transmission fiber 
B1 is connected, and the optical signal is incident there- 
upon, and to the other end the multiplexer a3 is con- 
nected so that the excitation light supplied from the 
excitation light source a2 is incident thereupon. 
[0060] That is, in contrast to the direction of incidence 
of the optical signal, the multiplexer a3 makes the exci- 
tation light incident on the high nonlinear fiber a1 from 
the opposite direction, and at the same time, the optical 
signal amplified by the high nonlinear fiber a1 is output 
to the rare-earth doped fiber amplifier A2. This rare- 
earth doped fiber amplifier A2, as described above, can 
provide an optical amplifying action by reflecting the 
excitation light into the rare-earth doped fiber, and can 
provide a gain flattening means such as a gain equal- 
izer. 

[0061] When structuring an optical amplifier A from a 
Raman amplifier Al and a rare-earth doped f toer ampli- 
fier A2 in this manner, by adjusting the Raman gain of 
the Raman amplifier Al for offsetting the decrease in 
the gain spectrum at the long wavelength region in the 
rare-earth doped fiber A2, it is possible that the gain 
realizes a flattened region over a wide bandwidth. 
[0062] In this manner, in using a high nonlinear f toer 
a1 as a Raman amplifier medium, the present embodi- 
ment is very different from the optical amplifier which 
uses an optical transmission fiber shown in the third 
embodiment as the Raman amplifier medium. Gener- 
ally, a high nonlinear fiber has a mode radius which is 
small in comparison to the transmission fiber usually 
used, and in addition, because the concentration of the 
dopant is high, the efficiency of the nonlinear effects of 
the light are high, and thus it is possible to carry out 
highly efficient Raman amplification even in a compara- 
tively short fiber length and low excitation light power. 
By such a high nonlinear fiber, a rate of Raman amplifi- 
cation proportionate to the square of the core diameter 
and the concentration of the dopant can be obtained. 



Therefore, because it is possible, for example, to have a 
fiber length of several kilometers with in-line optical 
amplifiers, it is possfole to construct the lumped param- 
eter optical amplifier, and at the same time, it is possible 
5 to construct the optical amplifier having an efficient 
Raman amplifier. 

[0063] For example, as typical values fa the parame- 
ters of the Raman amplifier A1 structured from this kind 
of high nonlinear fiber a1 , the mode diameter and fiber 
10 length of the high nonlinear fiber a1 are respectively 4 
nm and 1 km, and the power of the excitation light from 
the excitation source a2, which is a 1.51 nm excitation 
semiconductor laser, is 200 mW. 

15 [Eighth embodiment] 

[0064] Referring to Fig. 30, the eight embodiment of 
the optical amplifier of the present invention will be 
explained. Moreover, this embodiment relates to a vari- 

20 ation of the structure of the rare-earth doped fiber ampli- 
fier A in the above-described seventh embodiment. 
Therefore, the Raman amplifier is the same as the 
above-described Raman amplifier A1, and thus the 
explanation of identical reference numbers is omitted. 

25 [0065] As shown in the figure, the rare-earth doped 
f toer amplifier A3 in the present embodiment comprises 
a pre-stage amplifier 1 , a post-stage amplifier 2. and a 
Fourier filter (split beam Fourier filter) 3 interposed ther- 
ebetween. In addition, the pre-stage amplifier 1 com- 

30 prises isolators 1a and 1d, a multiplexer 1b, a rare-earth 
doped f foer 1 c, and an excitation light source 1 e (a sem- 
iconductor laser); the post-stage amplifier 2 comprises 
a multiplexer 2a, a rare-earth doped fiber 2b, an isolator 
2c, and an excitation light source 2d (a semiconductor 

35 laser) . 

[0066] The optical signal output from the Raman 
amplifier A1 is incident on the isolator 1a, and output to 
the Fourier filter 3 from the isolator 1d via the multiplexer 
1b and then the rare-earth doped fiber 1c. In addition, 

40 the excitation light output from the excitation light source 
1e is incident on the rare-earth doped fiber 1c via the 
multiplexer 1b. The Fourier filter 3 acts as a gain equal- 
izing means, and the optical signal input from the pre- 
stage amplifier 1 is gain-equalized and output to the 

45 post-stage amplifier 2. 

[0067] In addition, the optical signal emitted from Fou- 
rier filter 3 in this manner is incident on the multiplexer 
2a of the post-stage amplifier 2, and emitted from the 
isolator 2c via the rare-earth doped fiber 2b. Addition- 

50 ally, in the rare-earth doped fiber 2b, the excitation light 
generated in the excitation light source 2d is output via 
the multiplexer 2a. 

[0068] According to the above-described rare-earth 
doped fiber amplifier A3, the optical signal, which is 
55 Raman-amplified by the high nonlinear fiber a1 in the 
Raman amplifier A1, is optically amplified by the rare- 
earth doped fiber 1c, and then it is gain-equalized by the 
Fourier filter 6, and it is further amplified by the rare- 
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earth doped fiber 2b. 

[0069] In the present embodiment, because it is pos- 
sible to construct the optical amplifier from the above- * 
described comparatively short length high nonlinear 
fiber a1 and the amplifier which can carry out Raman s 
amplification efficiently with comparatively low power 
excitation light and has the characteristic of a lumped- 
parameter, the optical amplifier can be provided with the 
above-described construction of a rare-earth doped 
fiber amplifier A3 as a post-amplifier, which is impossi- 10 
ble in conventional construction. 
[0070] Moreover, in Fig. 30, the rare-earth doped f iber 
amplifier A3 can be constructed from N amplifiers, 
explained in the first through sixth embodiments, and (N 
- 1) gain equalizers provided therebetween (N being an is 
integer equal to or greater than 2). 
[0071] Here, in the present embodiment, the excita- 
tion light for Raman amplification is multiplexed using a 
multiplexer a3, but in place of the multiplexer a3 a direc- 
tional coupler such as a light circulator can also be 20 
used. In this case, the isolator 1 a of the pre-stage ampli- 
fier 1 is unnecessary, and it is possible to decrease the 
loss of the optical signal in this isolator 1a. 
[0072] Moreover, the construction of the gain-flattened 
rare-earth doped fiber amplifier included in the present 25 
embodiment is described in detail in a Citation (H. Mas- 
uda, et al., Electron. Lett., Vol. 33, pp. 1070-1072, 
1997), 

[Ninth embodiment] 30 

[0073] Next, referring to Fig. 31 , the ninth embodiment 
of the optical amplifier according to the present inven- 
tion is explained. This embodiment alters the Raman 
amplifier A1 in the above-described eighth embodiment 35 
to Raman amplifier A4, and other parts of the construc- 
tion are the same at that in the eight embodiment. That 
is, because excitation light is also input from the front of 
a high nonlinear fiber al (the input side of the optical 
signal), this Raman amplifier A4 is provided with a mul- 40 
ttplexer a4 at the input end of the optical signal, and 
excitation light emitted from the excitation light source 
a5 (a second light emission source) via the multiplexer 
a4 is supplied to the high nonlinear fiber a1 from the 
front. 45 
[0074] By adopting this kind of structure, in the case 
when, for example, the power of the excitation light 
source a2 is made equal to the power of the excitation 
optical source a5, for the above-described second 
embodiment, it is possible to supply twice the power of so 
the excitation light a5 to the high nonlinear fiber a1, so 
in a state of comparative suppression of the power of 
each of the light sources a2 and a5, it is possible to 
Raman amplify the optical signal with even more effi- 
ciency. Moreover, of course, it is not necessary that the ss 
power of the excitation light source a2 and the power of 
the excitation light source a5 be equal. 



[Tenth embodiment] 

[0075] Fig. 32 shows the construction of the tenth 
embodiment of the optical amplifier of the present 
invention. 

[0076] The present embodiment relates to a variation 
of the structure of the Raman amplifiers for each of the 
above-described embodiments. That is, in contrast to 
the Raman amplifier shown in the above Fig. 29, the 
Raman amplifier A5 of the present embodiment is char- 
acterized in being provided with an isolator a6 on the 
input terminal of the optical signal, that is, the input ter- 
minal of the high nonlinear fiber a1 . By adopting this 
structure, it is possible to stop the leaking of the excita- 
tion light transiting the high nonlinear fiber a1 into the 
transmission fiber. 

[Eleventh embodiment] 

[0077] Fig. 33 shows the construction of the eleventh 
embodiment of the optical amplifier of the present 
invention. 

[0078] This embodiment is also related to a variation 
of the construction of a Raman amplifier similar to that 
in the above-described tenth embodiment. That is. in 
contrast with the Raman amplifier A1 shown in the 
above Fig. 29, the Raman amplifier A6 of the present 
embodiment is characterized in being provided with a 
multiplexer a7 at the input terminal of the optical signal, 
and additionally provided with a rare-earth doped fiber 
a8 between the multiplexer a7 and the high nonlinear 
fiber a1. Furthermore, it is characterized in being pro- 
vided with an excitation light source 39 which supplies 
excitation light to the high nonlinear fiber a1 and the 
rare-earth doped fiber a8 via the multiplexer a7. 
[0079] Fig. 28 is the gain spectrum when a silica fiber 
transmission path is used as a Raman amplifier. In this 
case, because a large Raman gain is obtained in the 
short-wave region of the gain bandwidth, it is possible 
that the noise characteristics degrades in the Raman 
amplifier A1. In this embodiment, because the signal 
beam is Raman amplified by the high nonlinear fiber a1 
after being amplified by rare-earth doped fiber a8, it is 
possible to prevent degradation of the noise character- 
istics in the short-wave region in the above gain band- 
width. 

[Twelfth embodiment] 

[0080] Fig. 34 shows the construction of the twelfth 
embodiment of the optical amplifier of the present 
invention. 

[0081] This embodiment also relates to a variation of 
the structure of the optical amplifier similar to that in the 
above tenth and eleventh embodiments. That is, in con- 
trast to the construction of the Raman amplifier A1 
shown in the above figure, the Raman amplifier A7 of 
the present embodiment is characterized is using a dis- 
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persion compensation fiber 10 in place of the high non- 
linear fiber a1. 

[0082] Generally, because a dispersion compensation 
fiber is, like a high nonlinear fiber, etc., characterized in 
having a small core diameter and a high concentration 5 
of dopant, it is possible to use one as a Raman amplify- 
ing medium. By using this kind of dispersion compensa- 
tion fiber, it is possible to compensate transmission path 
dispersion which accumulates in during signal propaga- 
tion. In this state, a dispersion compensation of about - 10 
200-+200 ps / nm / dB is possible by using a dispersion 
compensation fiber, it can also sufficiently compensate 
the accumulated dispersion not only in the transmission 
system using a dispersion-shifted fiber as a transmis- 
sion path, but also in a transmission system using a sin- is 
gle mode fiber as a transmission path. 
[0083] Additionally, in the case of a post-amplifier 
structure, the input optical power to the optical amplifier 
becomes large, and the multi-wavelength signal beam 
of the adjacent zero-dispersion wavelength can produce 20 
cross-talk between adjacent channels due to the influ- 
ence of nonlinear effects such as four-wave mixing, but 
by using the dispersion compensation fiber a 10 having 
a high dispersion such as in the present embodiment, it 
is possible to suppress this kind of cross-talk 25 

[Thirteenth embodiment] 

[0084] Next, referring to Fig. 35, the thirteenth embod- 
iment of the optical amplifier according to the present 30 
invention will be explained. The present embodiment 
relates to a variation of the structure of the Raman 
amplifier in the above-described twelfth embodiment. 
That is, in place of the above-described dispersion com- 
pensation fiber a10, the Raman amplifier A8 of the 35 
present embodiment is characterized in applying a dis- 
persion compensation fiber a11 wherein the dispersion 
slope relates inversely to the dispersion slope of the 
transmission fiber. 

[0085] In this manner, by the dispersion slope of the 40 
dispersion compensation fiber a11 inversely relating to 
that of the transmission fiber, it is possible to compen- 
sate not only the transmission path dispersion but also 
high order dispersion (wavelength dependent disper- 
sion; by this, the difference in accumulated dispersion 45 
value between signal channels with different wave- 
lengths is occurred). 

[0086] Next, the embodiments of the transmission 
systems using the optical amplifier shown in the above- 
described twelfth and thirteenth embodiments will be so 
explained in referring to the figures. That is, the follow- 
ing embodiment of the optical transmission system is 
related to an optical amplifier using a dispersion com- 
pensation fiber. 

55 

[First embodiment of an optical transmission system] 
[0087] First, referring to Figs. 36A and 36B, the first 



embodiment of an optical transmission system will be 
explained. As shown in Fig. 36A, the optical transmis- 
sion system of the present embodiment comprises a 
transmitter 9. a dispersion-shifted fiber 10 having a 
zero-dispersion wavelength in the 1 .5 nm band, an opti- 
cal amplifier 11, and a receiver 12. 

[0088] The optical amplifier 1 1 is the amplifier of the 
above twelfth and thirteenth embodiments using a dis- 
persion compensation fibers (a 10 or a1 1) as a Raman 
amplifying medium. The present optical transmission 
system is constructed with the transmitter 9 and the 
receiver 12 connected by the dispersion-shifted fiber 
10, and optical amplifiers 11 inserted at each specified 
repeater interval of the dispersion-shifted fiber 10. Here, 
each parameter of the dispersion compensation fibers 
(a 10 or a1 1) are set so as to compensate the dispersion 
of the transmission path, in the present embodiment, 
the dispersion-shifted fiber 10. 

[0089] For example, as shown in Fig. 36B, in the case 
of a dispersion value of the above-described dispersion- 
shifted fiber 10 of a certain signal beam wavelength 
being 2 ps / nm / km, and the repeater interval being 1 00 
km, dispersion compensation is possible by setting the 
dispersion value of the dispersion compensation fibers 
(a10 or a11) in the optical amplifier 11 and the fiber 
length to -100 ps / nm / km and 2 km, respectively. That 
is, as shown in the figure, because the area of the trans- 
mission by the dispersion-shifted fiber 10 and the area 
of the transmission of the dispersion-shifted fibers (a10 
and a1 1) in the optical amplifier 1 1 are equal, dispersion 
is compensated. 

[0090] In addition, as described above, by making the 
dispersion slope of the dispersion-shifted fiber 10 
inverse that of the dispersion compensation fibers (a10 
and a1 1), high order dispersion compensation is possi- 
ble. 

[Second embodiment of the optical transmission sys- 
tem] 

[0091] Next, referring to Figs. 37A and B, the second 
embodiment of the optical transmission system of the 
present invention will be explained. This embodiment, 
as shown in Fig. 37A, is characterized in using a single 
mode fiber 13 having a zero dispersion wavelength in 
the 1.3 nm wavelength band as a transmission path 
instead of the dispersion-shifted fiber 10 of the above 
first embodiment. In addition, each parameter of disper- 
sions compensation fibers (a 10 and a1 1) are set so as 
to compensate the dispersion of the transmission path, 
that is to say, the single mode fiber 13. 
[0092] As shown in Fig. 37B, when, for example, the 
dispersion value of a single mode fiber is at a certain 
signal beam wavelength is 15 ps / nm / km, and the 
repeater interval is 100 km, by setting the dispersion 
value of the dispersion compensation fibers (a10 and 
a11) in the optical amplifier 11 and the fiber length to 
150 pa /nm/ km and 10 km respectively as shown in the 



<EP 0911926A1_I_> 



10 



19 



EP0 911 926 A1 



20 



figure, the dispersion is compensated because the area 
of the transmission by the single mode fiber 13 and the 
area of the transmission of the dispersion compensation 
fibers (a10 and a11) become the identical. In addition, 
as described above, by making an inverse relationship 5 
between the dispersion slope of the single mode fiber 
13 and the dispersion slope of the dispersion compen- 
sation fibers. (a10 and all) in the optical amplifier 11, 
high order dispersion compensation is possible. 

[0093] Moreover, the present invention shown in the 10 
seventh through thirteenth embodiments and the two 
embodiments of the optical transmission system are not 
limited to the embodiments described above, and the 
following alterations can be conceived: 

15 

(1) In place of the multiplexer a3 of each embodi- 
ment, a bi-directional coupler such as an optical cir- 
culator can be used. In this case, because it is not 
necessary to insert an isolator at the input terminal 

of the rare-earth doped fiber amplifier, it is possible 20 
to reduce the loss of the optical signal in the isola- 
tor. 

(2) Even in the case of using a dispersion compen- 
sation fiber as a Raman amplification medium, the 
excitation light is input at the front and back of the 25 
Raman amplifying medium like the above- 
described ninth embodiment of the optical amplifier. 

(3) Even when using a dispersion compensation 
fiber as a Raman amplifying medium, an isolator 
can be provided at the input terminal of the optical 30 
signal of the dispersion compensation f toer like the 
above-described tenth embodiment of the optical 
amplifier. 

(4) Even when using a dispersion compensation 
fiber as a Raman amplifying medium, rare-earth 35 
doped fibers can be arranged serially with disper- 
sion compensation fibers like the eleventh embodi- 
ment. 

(5) In addition to the above, in each embodiment of 
the above-described optical amplifier using a high 40 
nonlinear fiber as a Raman amplifying medium, it is 
applicable to use a dispersion compensation fiber 

as a Raman amplifying medium, and it is conceiva- 
ble to combine each embodiment of the optical 
amplifier using a dispersion compensation fiber 45 
with a means of each above-described embodi- 
ment using a high nonlinear fiber. In addition, for an 
optical amplifier making up by an optical transmis- 
sion system as well, combining an optical amplifier 
of each of the above-described embodiments using so 
a dispersion compensation fiber with a means of an 
optical amplifier of each of the above-described 
embodiments using a high nonlinear fiber can be 
conceived. 

55 

[0094] As explained above, the following effects can 
be obtained from an optical amplifier according to the 
above seventh through thirteenth embodiments and an 



optical transmission system using it: 

(1) By combining a Raman amplifier using a Raman 
amplifying medium and a rare-earth doped fiber 
amplifier using a rare-earth doped fiber as an 
amplifying medium, in an optical amplifier carrying 
out wide bandwidth optical amplification, because a 
high nonlinear fiber or a dispersion compensation 
fiber are applied as a Raman amplifying medium, a 
lumped parameter optical amplifier with a flattened 
gain bandwidth and a wide bandwidth can be con- 
structed. 

(2) In addition, when using a dispersion compensa- 
tion fiber as a Raman amplifying medium, because 
it is possible to compensate the dispersion of a 
transmission path, it is possible to realize large- 
capacity wavelength division multiplex optical trans- 
mission. 

[0095] As explained above, by the present invention, 
it is possible to greatly broaden the gain bandwidth of an 
amplifier. Thus, it is possible to increase the number of 
signal beam channels and the transmission capacity, 
and it is possible to realize the high degree and eco- 
nomic wavelength division multiplexing system. 
[0096] In addition, the present invention can be widely 
used not only in a ground-based trunk transmission sys- 
tem but also in a subscriber system, the optical trans- 
mission of wavelength division multiplexing of 
submarine repeater transmission path system, and so 
on. 

Claims 

1. An optical amplifier, comprising: 

N amplifiers including a gain medium using a 
rare-earth doped fiber as a long length gain 
medium, which are divided into N stages, N 
being an integer equal to or greater than 2, and 
an excitation light source which outputs excita- 
tion light whose effective excitation wavelength 
of said gain medium is 1 .53 fim; and 
(N - 1) gain equalizers which are installed 
between said N amplifiers respectively, and are 
effective over the wide wavelength band of said 
gain medium. 

2. An optical amplifier according to Claim 1, wherein 
said excitation light comprises a plurality of excrta- 

' tion lights of different excitation wavelengths. 

3. An optical amplifier according to Claim 1, wherein 
said rare-earth doped fiber is ah erbium doped 
fiber. 

4. An optical amplifier according to Claim 1 , further 
comprising: 
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an excitation light source which sends Raman 
amplifying excitation light to a silica fiber trans- 
mission path connecting said optical amplifiers. 

5. An optical amplifier according to Claim 4, wherein s 
said optical amplifier further comprises a directional 
coupler on the input side, and 

said Raman amplifying excitation light is sent to 
a Raman amplifying medium via said direc- 10 
tional coupler. 

6. An optical amplifier according to Claim 5, wherein 
said Raman amplifying excitation light has a wave- 
length which makes the amplification band of said is 
optical amplifier wide. 

7. An optical amplifier according to Claim 6, wherein: 

said rare-earth doped fiber is an erbium doped 20 
fiber; and 

the wavelength of the Raman amplification 
excitation light is in the range of 1.49 to 1.53 
nm. 

25 

8. An optical amplifier according to Claim 2, wherein 
said amplifier is provided with a ring construction in 
which a second desired excitation light differing 
from a first excitation optical wavelength from said 
excitation optical source oscillates in the same 30 
direction as the signal beam. 

9. An optical amplifier according to Claim 8, wherein 
said ring construction includes a WDM coupler 
which multiplexes and demultiplexes the second 35 
excitation light in a signal beam and a light ampli- 
fied by said gain medium. 

10. An optical amplifier according to Claim 2, wherein 
said amplifier is provided with a ring construction 40 
wherein a desired second excitation light which is 
different from a first excitation light wavelength by 
said excitation light source oscillates in the opposite 
direction of the signal beam. 

45 . 

11. An optical amplifier according to Claim 10, wherein 
said ring structure includes a directional coupler 
which multiplexes said second excitation light in a 

, signal beam and a light by amplified by said gain 
medium. 50 

12. An optical amplifier according to Claim 10, wherein 
said ring construction further comprises: 

a second excitation light source which gener- ss 
ates an excitation light which is the same fre- 
quency of said first excitation light; and 
a multiplexer which optically multiplexes excita- 



tion light from said second excitation light 
source in said ring construction. 

13. An optical amplifier, comprising: 

a Raman amplifier which is provided with an 
internal Raman amplifier medium and carries 
out Raman amplification by said Raman ampli- 
fication medium; and 

a rare-earth doped fiber amplifier in which a 
rare-earth doped fiber is used as an amplifica- 
tion medium. 

14. An optical amplifier according to Claim 13, wherein 
said Raman amplifier medium is a high nonlinear 
fiber. 

15. An optical amplifier according to Claim 13, wherein 
said Raman amplifying medium is a dispersion 
compensation fiber. 



16. An optical amplifier according to Claim 14, wherein 
said Raman amplifier comprises: 

a high nonlinear fiber into one terminal of which 
a optical signal is input via a transmission f foer ; 
an excitation light source which generates an 
excitation light; and 

a multiplexer which is connected to the other 
terminal of said high nonlinear fiber; and which 
makes the excitation light input into said high 
nonlinear fiber, and outputs an optical signal 
input form said high nonlinear fiber into said 
rare-earth doped fiber amplifier. 

17. An optical amplifier according to Claim 15, wherein 
said Raman amplifier comprises: 

a dispersion compensation fiber into one termi- 
nal of which an optical signal is input via a 
transmission fiber; 

an excitation light source which generates an 
excitation light; and 

a multiplexer which is connected to the other 
terminal of said dispersion compensation fiber, 
and which makes the excitation light input into 
said dispersion compensation fiber, and out- 
puts an optical signal input form said high non- 
linear fiber into said rare-earth doped fiber 
amplifier. 

18. An optical amplifier according to Claim 16, wherein 
said Raman amplifier further comprises: 

a second excitation light source which gener- 
ates excitation light; and 
a second multiplexer which makes the excita- 
tion light input into said one terminal of the 
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Raman amplifying medium. 



said Raman amplifier comprises: 



J 



19. An optical amplifier according to Claim 18, wherein 
said Raman amplifier comprises: 

5 

a rare-earth doped fiber inserted between said 
second multiplexer and said Raman amplifying 
medium. 

20. An optical amplifier according to Claim 16, wherein w 
said Raman amplifier further comprises: 

an isolator which is installed at the terminal of 
said Raman amplifying medium and prevents 
leakage of the excitation light into the transmis- is 
sion fiber. 

21. An optical amplifier according to Claim 13, wherein 
said rare-earth doped amplifier comprises: 

20 

a pre-stage amplifier which uses a rare-earth 
doped f toer as an amplifying medium; 
a post-stage amplifier which similarly uses a 
rare-earth doped fiber as an amplifying 
medium: and 25 
a gain equalizing means inserted between said 
post-stage amplifier and said pre-stage ampli- 
fier. 

22. An optical amplifier according to Claim 15, wherein 30 
the dispersion slope of said dispersion compensa- 
tion fiber has a reverse relationship with the disper- 
sion slope of the transmission fiber. 

23. An optical amplifier according to Claim 16, wherein 35 
said Raman amplifier uses a directional coupler 
instead of said multiplexer. 

24. An optical amplifier according to Claim 15, wherein 
said dispersion compensation fiber has parameters 40 
which are set to compensate a dispersion-shifted 
fiber which is a transmission path. 

25. An optical transmission system, comprising: 

45 

a transmitter which transmits an optical signal; 
a transmission path using a dispersion-shifted 
fiber; 

a receiver which receives an optical signal; and 
an optical fiber, comprising a Raman amplifier so 
which carries out Raman amplification by a dis- 
persion compensation fiber whose parameters 
are set to compensate the dispersion of said 
transmission path, and a rare-earth doped fiber 
amplifier which uses a rare-earth doped fiber 55 
as an amplifier medium. 



a dispersion compensation fiber into one termi- 
nal of which an optical signal is input via a 
transmission fiber; 

an excitation light source which generates an 
excitation light; and 

a multiplexer which is connected to the other 
end of said dispersion compensation fiber, and 
which makes the excitation light input into said 
dispersion compensation fiber, and outputs an 
optical signal input from said dispersion com- 
pensation fiber into said rare-earth doped fiber 
amplifier. 

27. An optical amplifier according to Claim 26, wherein 
said Raman amplifier further comprises: 

a second excitation light source which gener- 
ates excitation light; 

a second multiplexer which makes the excita- 
tion light input into said one terminal of the 
Raman amplifying medium. 

28. An optical amplifier according to Claim 27, wherein 
said Raman amplifier further comprises: 

a rare-earth doped fiber inserted between said 
second multiplexer and said Raman amplifying 
medium. 

29. An optical amplifier according to Claim 26, wherein 
said Raman amplifier further comprises: 

an isolator which is installed at the terminal of 
said Raman amplifying medium, and prevents 
leakage of the excitation light into the transmis- 
sion f toer. 

30. An optical fiber according to Claim 25, wherein said 
rare-earth doped fiber comprises: 

a pre-stage amplifier which uses a rare-earth 
doped fiber as an amplifying medium; 
a post-stage amplifier which similarly uses a 
rare-earth doped fiber as an amplifying 
medium; and 

a gain equalizing means inserted between the 
post-stage amplifier and the pre-stage ampli- 
fier. 

31. An optical fiber according to Claim 26, wherein said 
Raman amplifier uses a directional coupler instead 
of said multiplexer. 

32. An optical transmission system comprising: 



26; An optical amplifier according to Claim 25, wherein 



a transmitter which transmits an optical signal; 
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a transmission path using a single mode fiber; 
and 

an optical amplifier; comprising a Raman 
amplifier which carries out Raman amplifica- 
tion by a dispersion compensation fiber whose 
parameters are set to compensate the disper- 
sion of said transmission path, and a rare-earth 
doped fiber amplifier which uses a rare-earth 
doped fiber as an amplifier medium. 

33. An optical amplifier according to Claim 32, wherein 
said Raman amplifier comprises: 

a dispersion compensation fiber into one termi- 
nal of which an optical signal is input via a 
transmission fiber; 

an excitation light source which generates exci- 
tation light; and 

a multiplexer which is connected to the other 
terminal of said dispersion compensation fiber, 
and which makes the excitation signal input 
into said dispersion compensation fiber, and 
output an optical signal input from said disper- 
sion compensation fiber into said rare-earth 
doped fiber amplifier. 

34. An optical amplifier according to Claim 33. wherein 
said Raman amplifier further comprises: 

a second excitation light source which gener- 
ates excitation light; and 
a second multiplexer which makes the excita- 
tion light input into sad one terminal to a 
Raman amplifying medium. 

35. An optical amplifier according to Claim 34, wherein 
said Raman amplifier further comprises: 



a gain equalizing means inserted between the 
post-stage anpl'rfier and the pre-stage ampli- 
fier. 

38. An optical amplifier according to Claim 33, wherein 
said Raman amplifier uses a directional coupler 
instead of said multiplexer. 



10 



15 



20 
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25 



30 



35 



a rare-earth doped fiber inserted between said 
second multiples and said Raman amplifying 
medium. 



40 



( ) 



36. An optical amplifier according to Claim 33, wherein 
said Raman amplifier further comprises: 

an isolator which is installed at the terminal of 
said Raman amplifying medium and prevents 
leakage of the excitation light into the transmis- 
sion fiber. 

37. An optical amplifier according to Claim 32, wherein 
said rare-earth doped fiber amplifier comprises: 



45 



50 



a pre-stage amplifier which uses a rare-earth 
doped fiber as an amplifying medium; 
a post-state amplifier which similarly uses a 
rare-earth doped fiber as an amplifying 
medium; and 



55 
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